The spectral composition of light can affect the growth and biochemical composition of photosynthetic microalgae. This study examined the use of light filtering through a solution of soluble colored additives, a cost-effective method to alter the light spectrum, on the growth and lipid production of an oleaginous microalga, Nannochloropsis gaditana (N. gaditana). Cells were photoautotrophically cultivated under a white light emitting diode (LED) alone (control) or under a white LED that passed through a solution of red and yellow color additive (4:1 ratio) that blocked light below 600 nm. The specific growth rate was significantly greater under filtered light than white light (0. ). Growth under filtered light also increased the fatty acid methyl ester (FAME) yield by 22.4% and FAME productivity by 80.0%, relative to the white light control. In addition, the content of saturated fatty acids was greater under filtered light, so the biodiesel products had better stability. These results show that passing white light through an inexpensive color filter can simultaneously enhance cellular growth and lipid productivity of N. gaditana. This approach of optimizing the light spectrum may be applicable to other species of microalgae.
Introduction 1
The widespread use of fossil fuels has caused serious environmental problems, and this has 2 increased interest in renewable energy sources. Microalgae are a promising new source of 3 renewable energy, and have the potential to replace fossil fuels [1] [2] [3] [4] . However, microalgae 4 typically have low productivity, so there are attempts to develop various strategies to 5 overcome this limitation. Many studies have attempted to optimize cellular growth in 6 photobioreactor or mass culture [5, 6] , or to improve photosynthetic productivity by genetic 7 engineering [7, 8] . There have also been attempts to increase the lipid content of microalgae 8 [9] [10] [11] . Although some strategies have succeeded in enhancing growth rate or lipid content, 9 biomass accumulation and lipid production are usually negatively correlated [12] . The 10 simultaneous improvement of growth rate and lipid content must be achieved to achieve 11 economically feasible lipid production.
12
Photosynthetic organisms convert light energy into chemical energy, and accumulate 13 biomass and lipids [13] . The light conditions must be optimized to improve microalgal 14 productivity, because light influences photosynthesis and subsequent metabolic steps. High 15 levels of light can damage the photosynthetic apparatus and reduce microalgal growth [2] .
16
The light spectrum also affects photosystem stoichiometry and cellular metabolism [14, 15] .
17
Studies using monochromatic illumination indicate that light quality can improve cellular 18 growth and lipid content at the same time [16, 17] . However, the optimal wavelength seems 19 to depend on the species and other factors [18] [19] [20] [21] [22] [23] [24] [25] [26] . Moreover, it is difficult to scale-up 20 laboratory experiments that use monochromatic light from light emitting diodes (LEDs),
21
because of cost considerations. It is also difficult to change the spectrum when sunlight is 22 used as the light source.
23
The present study examined use of an inexpensive light filter, in which simple pigments 24 1 are used to change the light spectrum, on growth and lipid production in Nannochloropsis 1 gaditana (N. gaditana), an oleaginous microalga that has high lipid productivity and can be 2 cultivated on a large scale [27, 28] . Diverse color additives (Red, Yellow, Green, and Pink, Chunwoo Co. Ltd., Kyungbuk, Korea) 7 were used to make solutions to filter out specific areas of the spectrum from a white LED 8 source. The wavelengths absorbed by the solutions were determined by UV/Vis 9 spectrophotometry (JASCO-V-730). Fig. 1 shows the absorbance spectra of the different tar 10 colors. The red and yellow additives were mixed at a 4:1 ratio to filter out light below 600 nm.
11
A rectangular transparent container, with a light-path of 20 mm, was filled with this mixture
12
(0.02% concentration) and positioned between the photobioreactor and white LEDs. 
Analysis of FAME Yield and Composition

11
The lipid content was determined using a modified version of the Folch method. The 10 12 mg freeze-dried biomass sample was mixed with 2 mL of a chloroform-methanol solution production by N. gaditana. Because the absorption spectrum of the sole red additive had a 20 main peak around 506 nm ( Fig. 1(a) ) and did not effectively absorb light below 450 nm, a 21 yellow additive was mixed at a ratio of 4:1 (red:yellow) to achieve a more uniform 22 absorbance below 506 nm ( Fig. 1(b) ). The half-maximal absorbance was at about 550 nm
23
( Fig. 1(b) ). The 0.02% concentration of this mixture was set to pass 50% of incident light than cell division. These differences may also occur when light was filtered through the 11 solution described here. However, the light filter used in the present study supplies a broader 12 range of wavelengths to the culture, and some light below 600 nm penetrates through. Growth of cells under filtered light also led to several significant changes in FAME 24 composition (Table 2 ). In particular, growth under filtered light significantly increased the 1 amount of palmitic acid (C16:0), and significantly decreased the amounts of eicosapentaenoic 2 acid (EPA, C20:5n3) and tetradecanoic acid (C14:0). As a result, the proportion of saturated 3 fatty acids (SFAs) increased and the proportion of PUFAs decreased, although there was no 4 significant change in the proportion of MUFAs (Fig. 3) under photoautotrophic conditions.
7
The changes in FAME composition directly alter the DU, which is a function of the which shows shortened ignition delay, lower emission of NO x and higher oxidation stability.
14 N. gaditana cultivated under filtered light had a lower DU ( Table 2 ). The present study using biomass productivity by 44.6%, improved FAME yield by 22.6%, and improved biodiesel 6 quality. Filtered light also led to 80.0% higher FAME productivity. These results imply that 7 use of a simple light filter can enhance lipid productivity in N. gaditana. Further studies are 8 needed to determine the optimal spectral composition for FAME production in N. gaditana 9 and other microalgal species, and the applicability of this method in outdoor mass cultivation 10 systems as a cost-effective replacement for artificial light sources. value is the mean of three biological replicates with standard deviation. by t-test and indicated by asterisks (*p < 0.05, **p < 0.01). 
